CD22, a negative regulator of B cell signaling, is a member of the siglec family that binds to ␣2-6-linked sialic acids on glycoproteins. Previous reports demonstrated that binding of multivalent sialoside probes to CD22 is blocked, or ''masked,'' by endogenous (cis) ligands, unless they are first destroyed by sialidase treatment. These results suggest that cis ligands on B cells make CD22 functionally unavailable for binding to ligands in trans. Through immunofluorescence microscopy, however, we observed that CD22 on resting B cells redistributes to the site of contact with other B or T lymphocytes. Redistribution is mediated by interaction with trans ligands on the opposing cell because it does not occur with ligand-deficient lymphocytes from ST6GalI-null mice. Surprisingly, CD45, proposed as both a cis and trans ligand of CD22, was not required for redistribution to sites of cell contact, given that redistribution of CD22 was independent of CD45 and was observed with lymphocytes from CD45-deficient mice. Furthermore, CD45 is not required for CD22 masking as similar levels of masking were observed in the WT and null mice. Comparison of the widely used sialoside-polyacrylamide probe with a sialoside-streptavidin probe revealed that the latter bound a subset of B cells without sialidase treatment, suggesting that cis ligands differentially impacted the binding of these two probes in trans. The combined results suggest that equilibrium binding to cis ligands does not preclude binding of CD22 to ligands in trans, and allows for its redistribution to sites of contact between lymphocytes. C D22 (Siglec-2) is a well-known regulator of B cell signaling (1-3), an activity mediated through its recruitment of SH2 domain-containing phosphatase 1 (also known as SHP-1) to the B cell receptor by immunoreceptor tyrosine-based inhibition motifs in its cytoplasmic domain (4, 5). The siglecs are a subgroup of the Ig superfamily that have in common a NH 2 -terminal Ig domain that binds sialic acid containing carbohydrates of glycoproteins as a ligand. CD22 is unique among the siglecs for its high specificity for sialoside ligands containing the sequence Sia␣2-6Gal that often terminates N-linked carbohydrate groups of glycoproteins (6, 7). The Sia␣2-6Gal sequence recognized by CD22 is differentially expressed in a cell typespecific manner (8-10) and is abundant on B and T lymphocytes (11, 12) . Several reports have suggested that the ligand-binding domain of CD22 can modulate its activity as a regulator of B cell signaling (5, (13) (14) (15) . Although the precise ligand interactions that modulate CD22 function are not well understood, both cis (B cell) and trans (opposing cell) glycoprotein ligands appear to be important.
C D22 (Siglec-2) is a well-known regulator of B cell signaling (1) (2) (3) , an activity mediated through its recruitment of SH2 domain-containing phosphatase 1 (also known as SHP-1) to the B cell receptor by immunoreceptor tyrosine-based inhibition motifs in its cytoplasmic domain (4, 5) . The siglecs are a subgroup of the Ig superfamily that have in common a NH 2 -terminal Ig domain that binds sialic acid containing carbohydrates of glycoproteins as a ligand. CD22 is unique among the siglecs for its high specificity for sialoside ligands containing the sequence Sia␣2-6Gal that often terminates N-linked carbohydrate groups of glycoproteins (6, 7) . The Sia␣2-6Gal sequence recognized by CD22 is differentially expressed in a cell typespecific manner (8) (9) (10) and is abundant on B and T lymphocytes (11, 12) . Several reports have suggested that the ligand-binding domain of CD22 can modulate its activity as a regulator of B cell signaling (5, (13) (14) (15) . Although the precise ligand interactions that modulate CD22 function are not well understood, both cis (B cell) and trans (opposing cell) glycoprotein ligands appear to be important.
CD22 is well documented to bind to endogenous B cell glycoproteins in cis. As elegantly demonstrated by Razi et al. (13) , cis ligands ''mask'' human CD22 binding to synthetic multivalent sialoside probes unless the cells are first pretreated with sialidase or periodate. Indeed, masking by endogenous cis ligands has subsequently been demonstrated to be a general property of the entire siglec family (16) (17) (18) (19) (20) (21) (22) (23) . Initially, sialoadhesin (Siglec-1) was thought to be one of the few siglecs to escape masking by cis ligands because of its 17 Ig domains, which extend the N-terminal ligand-binding domain away from the cell surface (17, 24) . More recently, however, sialoadhesin was found to be masked on splenic macrophages and largely unmasked on lymph node macrophages, suggesting that the degree of masking depends on the differential expression of cis ligands on the cell (18) . These findings have generally been interpreted to mean that masking of siglecs by endogenous cis glycoprotein ligands can regulate the extent to which they are functionally available to interact with ligands on other cells in trans (17, 18, 20, (25) (26) (27) .
Cis ligands appear to be important modulators of the activity of CD22 as a regulator of B cell signaling. Indeed, inhibition of CD22 binding to cis ligands by using small molecule ligand mimics (14) or abrogation of its binding by site directed mutagenesis results in decreased SH2 domain-containing phosphatase 1 (SHP-1) recruitment and increased calcium flux after B cell receptor (BCR) crosslinking in vitro (15) . CD22 can bind to a variety of B cell glycoproteins in vitro, including CD45 and IgM, which are often cited as potentially important functional cis ligands of CD22 (28) . Significantly, however, there is no clear evidence that any one glycoprotein or multiple glycoproteins are the effective cis ligands on the B cell in situ.
After its initial cloning, CD22 was described as a cell adhesion molecule that may mediate cell-to-cell communication by binding to ligands in trans on other immune cells (29, 30) . Indeed, COS cells expressing recombinant CD22 bound lymphocytes and monocytes in a sialic acid-dependent manner (30) . Such trans interactions were observed to influence T cell activation in vitro, given that the presence of a soluble CD22 constant region fragment chimera during CD3 ligation altered T cell signaling (31) . Moreover, in mixed lymphocyte costimulatory assays, antibodies that inhibit CD22 binding to its ligand also dampened T cell activation (32) . The presence of CD22 ligands on sinusoidal endothelial cells of bone marrow have also been suggested to play a role in recruitment of B cells in vivo (33) . Recently, Lanuoe et al. (34) demonstrated that B cell activation by ligation of BCR with antigens expressed on a cancer cell is dampened if CD22 ligands are coexpressed on the cancer cell, suggesting an impact on B cell signaling by trans ligands on the antigenpresenting cell.
The importance of both cis and trans ligands in CD22 function suggests dynamic interactions with multiple ligands on B cells and other cells it contacts (23) . Clearly, interactions with trans ligands requires that it not be functionally masked by cis ligands. Activation of B cells has been demonstrated to result in unmasking of CD22, which has been proposed to expose the ligand binding site for interactions with trans ligands on other cells (13) . However, to date, there has been no direct examination of the degree to which binding of cis ligands restricts the ability of CD22 to interact with trans glycoprotein ligands on an opposing This paper was submitted directly (Track II) to the PNAS office.
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cell. In this report we demonstrate that, although cis ligands mask binding of multivalent sialoside probes, CD22 is still able to interact with glycoprotein ligands in trans on adjacent B or T cells causing it to redistribute to the site of cell contact. Moreover, CD45, a putative ligand of CD22, is neither required as a cis ligand for masking the binding of multivalent sialoside probes, nor as a trans ligand for recruitment of CD22 to sites of cell contact. The results suggest that interaction of CD22 with trans ligands on opposing cells is favored over the binding of ligands in cis.
Methods
Mice and Antibodies. Unless otherwise noted, antibodies used were obtained from Pharmingen, and the reagents were obtained from Sigma. C57BL͞6 mice were obtained from The Scripps Research Institute and ST6GalI-null and CD45-null mice were generated as described (35, 36) . Mice were male between the ages of 6 and 10 weeks.
Preparation of N-glycolylneuraminic Acid ␣2-6 Galactose ␤1-4 N-acetylglucosamine (NeuGc␣2-6Gal) Probes. Sialosides with amino linkers were generated as described (37) and were directionally biotinylated by using sulfosuccinimidyl-6Ј-(biotinamido)-6-hexanamido hexanoate (Sulfo-NHS-LC-LC-Biotin, Pierce) and bound to the alkaline phosphatase-conjugated streptavidin complex as described elsewhere (38) . Brief ly, streptavidinconjugated alkaline phosphatase (SAAP; 10 l of 1 mg͞ml in 10 mM cacodylate, pH 7.5) was mixed with 40 l of 55 M biotinylated NeuGc␣2-6Gal, representing a 16-fold molar excess based on the number of biotin-binding sites on streptavidin. The resulting sialoside-SAAP probe was FITC-labeled without further purification. Briefly, 50 l of the sialoside-SAAP solution was diluted with 180 l of 0.1 M Na bicarbonate, pH 9.0, mixed with 20 l of 5 mg͞ml FITC (Pierce) in 0.1 M Na bicarbonate, pH 9.0, and labeled in the dark overnight. To stop the reaction, 300 l of 1 M ethanolamine, pH 8.0, was added and incubated for 4 h at room temperature. Free sialoside-biotin and FITC were removed by extensive dialysis against PBS. NeuGc␣2-6Gal␤1-4GlcNAc␤ polyacrylamide (PAA) was synthesized as described (37) .
Lymphocyte Preparations. Single-cell suspensions from spleen, brachial lymph node, and bone marrow were obtained by grinding tissue between two frosted glass slides in RPMI medium 1640͞5% FBS͞50 M 2-⌴⌭ and passing over a cotton-plugged pipette. Erythrocytes were lysed with a 5 min incubation at room temperature in 150 mM ammonium chloride, 10 mM potassium carbonate, 0.1 mM EDTA, pH 7.2, washed and resuspended in buffer. Pure B cell populations were obtained by negative selection with anti-Thy1.2, anti-Ly6G, and guinea pig complement. Populations were checked for purity by flow cytometry and determined to be Ͼ95% B220-positive and Ͻ1% CD3 positive. 
Results

Ligand-Dependent Recruitment of CD22 to the Sites of Cell Contact.
During immunof luorescence microscopy experiments with freshly isolated resting splenocytes, we noted differential localization of CD22 on single cells as compared with those in lymphocyte clusters. Although both CD22 and IgM were uniformly localized on the cell surface of isolated cells (not shown), CD22 was preferentially localized at sites of cell contact in lymphocyte clusters, as exemplified in Fig. 1 . In this cluster of four cells, one resting B cell is intensely stained with anti-IgM and distributed evenly over the entire B cell surface. In contrast, staining with anti-CD22 is found primarily at the sites of cell contact. As illustrated by the representative clusters in Fig. 2 , redistribution is seen at sites of cell contact between adjacent B cells ( Fig. 2 A Upper) , and B cells with T cells (Fig. 2B Upper) . In general, CD22 staining observed with B to T cell contacts are much smaller than those observed with B to B cell contacts. The small sites of contact are similar in morphology to those observed by Zal et al. (39) with anti-CD3 as a marker of a T cell synapse. The pattern of CD22 redistribution to contact sites was observed for virtually all B cells present in lymphocyte clusters, which typically ranged from 50-70% of all cells.
To investigate whether redistribution of CD22 to sites of cell contact is mediated by its ligand-binding domain, we used ST6GalI-null mice, which lack the CD22 ligand NeuGc␣2-6Gal (35) . In contrast to the results with the WT mice ( Fig. 2 A Upper) , CD22 in B cells of ST6GalI-null mice was uniformly localized in both B to B cell contacts ( Fig. 2 A Lower) and B to T cell contacts. Experiments were also performed mixing B cells purified from WT and ST6GalI-null splenocytes (Fig. 2C ). In these experiments, WT cells were differentiated from the ligand-deficient, ST6GalI-null cells by their ability to bind to the SNA lectin as described (35) . CD22 on both WT and ST6GalI-null B cells was found to redistribute to sites of cell contact with WT lymphocytes. In contrast, contact between a SNA-positive WT B cell with a SNA negative ST6GalI-null B cell resulted in redistribution of CD22 on the ST6GalI-null B cell only (Fig. 2C) . The results show that CD22 on either WT or ST6GalI-null cells is capable of redistributing to sites of cell contact when the opposing cell expresses glycoprotein ligands, indicating that redistribution is mediated by the interaction of CD22 in trans with glycoprotein ligands on the opposing cell.
CD45 Is Not Required for CD22 Masking by Cis Ligands or Redistribu-
tion to Sites of Cell Contact. CD45 is the most abundant B cell surface glycoprotein and has been proposed as both a cis ligand on B cells (28) and as a trans ligand on T cells (31, 40, 41) . To determine whether CD45 influenced the masking of CD22 to multivalent sialoside probes as a cis ligand or was required for redistribution of CD22 as a trans ligand, we compared the masking and redistribution of CD22 on B cells from WT and CD45-null mice.
CD22 on human and murine B cells has been demonstrated to be masked from binding a multivalent sialoside PAA probe unless cis ligands are destroyed by sialidase (13, 37) . It is well documented that human CD22 recognizes ligands with both N-acetylneuraminic acid and N-glycolylneuraminic acid, whereas murine CD22 prefers NeuGc, expressed abundantly on murine but not human cells (42, 43) . We used murine CD22-specific probe (NeuGc␣2-6Gal-PAA) (37) but saw no difference in the masking of CD22 on B cells of WT and CD45-null mice (Fig. 3A) . Indeed, there was essentially no probe binding to native B cells from either strain, and sialidase treatment to destroy cis ligands allowed binding of the probe at equivalent levels to both WT and CD45-null B cells. If CD45 were required for CD22 masking, the levels of probe binding to nontreated CD45-deficient cells would be similar to the sialidase treated (unmasked) WT cells. Thus, cis ligands other than CD45 are sufficient to produce complete masking of probe binding.
Comparison of the distribution of CD45 and CD22 in B cells from WT and CD45 mice is also shown in Fig. 3 . In B cells of WT mice, although CD22 is recruited to the sites of cell adhesion, CD45 immunostaining was evenly distributed across the cell surface (see Fig. 3B ). With B cells from CD45-null mice, redistribution of CD22 to the sites of cell contact was observed indistinguishable from that observed with WT mice (Fig. 3C) . Taken together, these data suggest that CD45 clearly is also not required as a trans ligand for redistribution of CD22 to the sites of cell contact.
Differential Masking of Two Multivalent Sialoside Probes by Endog-
enous Cis Ligands. We recently reported a multivalent sialoside probe for CD22 prepared by adsorption of biotinylated sialosides to streptavidin-alkaline phosphatase (NeuGc␣2-6Gal-SAAP) (38) . Initial use of this probe in cell binding experiments suggested that CD22 was partially unmasked on a subpopulation of B cells (44) . To determine whether this result reflected a true difference in masking of probe binding by cis ligands, we directly compared the binding of the NeuGc␣2-6Gal-PAA and NeuGc␣2-6Gal-SAAP probes for binding to native murine B cells as shown in Fig. 4 . Although there was no binding of the PAA-based probe to untreated B cells, there was significant and reproducible binding of the SAAP-based probe (Fig. 4A ). Both probes gave substantial increases in binding following sialidase pretreatment to remove sialic acids on the cell surface. Similar binding of the NeuGc␣2-6Gal-SAAP probe to native B cells was observed with cells isolated from bone marrow, spleen, and lymph nodes as shown in Fig. 4B . In bone marrow, only the B220hi cells were observed to bind the probe, consistent with the expression of CD22 (data not shown). Analysis of probe binding to B cells from each of these tissues from eight different mice gave an average of 11% ranging from 6% to 20% of the B220hi cells. Probe binding was sialoside specific given that no binding is observed with SAAP alone (Fig. 4B) , and periodate pretreatment of the probe, which removes the glycerol side chain of sialic acid required for CD22-mediated recognition, eliminated probe binding (data not shown) (45) .
We used the lectin SNA, specific for the Sia␣2-6Gal sequence recognized as a ligand of CD22, but could not detect a difference in the expression of CD22 ligands in the cell populations that bound the SAAP probe compared with those that did not (Fig.  4C) . In similar experiments, a soluble CD22-Ig chimera also showed no difference in binding to these two populations of cells (44) . These data illustrate that the increased binding of the NeuGc␣2-6Gal-SAAP probe does not appear to result from a decrease in the concentrations of cis CD22 ligands. Thus, relative to the NeuGc␣2-6Gal-PAA probe, the NeuGc␣2-6Gal-SAAP probe appears to more effectively compete in trans with endogenous cis ligands and bind to a significant fraction of B cells. Taken together, these data suggest that even synthetic multivalent ligands can differentially compete for endogenous cis ligands.
Discussion
The activity of CD22 as a regulator of B cell signaling is modulated by the interaction of its extracellular ligand-binding domain with sialoside ligands on the same cell (cis) or adjacent cells (trans) (14, 15, 26, 34, 35, 46) . To date, few studies have investigated the dynamic interactions of cis and trans ligands and their relative roles in CD22 function. Clearly, the ligand-binding sites of CD22 are predominately occupied by cis ligands on B cells, given that they mask the binding of synthetic multivalent sialoside ligands unless first destroyed by sialidase or periodate (13, 37) . Several reports have suggested that CD22 is unmasked on minor subsets of resting B cells (26, 44) or becomes unmasked on a portion of activated B cells following BCR ligation (13) , which would allow binding of CD22 to trans ligands on opposing cells. Although reduced levels of cis ligands will no doubt facilitate binding of CD22 to ligands in trans, it is not a prerequisite. Indeed, as shown in this report, despite the presence of cis ligands that prevent the binding synthetic multivalent sialoside probes to CD22 on resting B cells, CD22 binds to trans ligands on adjacent B or T lymphocytes, causing its redistribution to sites of cell contact. All these observations are consistent with a simple model involving competition of cis and trans ligands of CD22. Masking of CD22 to multivalent sialoside probes is due to occupancy of its ligand binding site by cis ligands (13) . CD22 exhibits relatively weak binding to its preferred sialoside ligand Sia␣2-6Gal␤1-4GlcNAc. The K d of both murine and human CD22 for this sequence ranges from 0.1 to 0.3 mM, regardless of whether it is presented on synthetic sialosides or attached to an N-linked oligosaccharide of a glycoprotein, such as CD45 or CD4 (7, 38, 47) . Thus, CD22 is in rapid equilibrium with its carbohydrate ligands, and the degree of occupancy of its binding site depends on their local concentration. We estimate that the sialic acid concentration at the surface of the B cell is about 110 mM based on a lymphocyte volume of 210 m 3 (48), a glycocalyx thickness of 44 nm (49), and a cell surface sialic acid content of 2.5 g per 10 7 lymphocytes (50) . Because the abundant N-linked oligosaccharides of B cell glycoproteins contain mainly the Sia␣2-6Gal linkage, we can assume that the preferred ligand of CD22 is present at least 25% or 25-30 mM. This represents a concentration 100-fold higher than the K d of CD22, resulting in the high occupancy that can occlude binding of a soluble multivalent sialoside probe presented in trans.
Of the two sialoside probes examined in Fig. 4 , the SAAPbased probe more effectively competed as a trans ligand and established sufficient multivalent interactions to remain bound to a portion (10-20%) of the native B cells. The difference in the binding properties of the SAAP-and PAA-based probes is likely due to a difference in their unique geometry and physical presentation of sialosides. At present, however, the molecular features that distinguish these two probes are not clear. Commercial preparations of SAAP exhibiting high molecular weight conjugates by SDS gels were the most effective, indicating that high valency is key (38) . Establishing the precise molecular features required for probes to compete with endogenous ligands will require evaluation of more chemically defined multivalent sialoside ligands (51) .
The dynamics of CD22 interacting with its sialoside ligand are completely different at sites of cell contact. For example, consider the case of adjacent B cells. Because the cis and trans ligands are both sialosides of B cell glycoproteins, the candidate ligands are present at the same concentration. However, in one case they are presented to CD22 from the same cell in cis and in the other case they are presented from the opposing cell in trans. The fact that CD22 redistributes to the site of cell contact strongly suggests that trans ligands favorably compete with cis ligands for occupancy of the CD22 ligand binding. In view of the three-dimensional constraints for docking with the ligand binding site of CD22, the potential for individual sialoside sequences to serve as a functional ligand of CD22 will differ when they are presented in cis or trans. In principle, the same glycoprotein can be a more favorable ligand when presented in trans than when presented in cis. Thus, it is conceivable that the same or different B cell glycoproteins participate in masking of CD22 in cis and redistribution of CD22 in trans.
The B and T cell glycoproteins that serve as functional ligands of CD22 have not been identified. Numerous glycoproteins are immunoprecipitated from cell lysates of B cells and T cells with CD22-Ig chimeras, demonstrating that they carry the sialoside sequence recognized by CD22 (28, 31) . Although the functional ligand(s) of CD22 is likely to be among them, solubilization of the cell membrane disrupts the spatial constraints imposed by the membrane anchors of CD22 and its cis and trans ligands. Thus, glycoproteins brought down in immunoprecipitation experiments are not necessarily those that interact with CD22 in situ. Because CD45 has been mentioned both as a potential cis ligand for CD22 on B cells (28) and trans ligand on T cells (31, 40) , we sought to determine whether CD45 was required as a ligand for CD22 by evaluating splenocytes from CD45-null mice. As shown in Fig. 4 , there was no difference between B cells from WT and CD45-null mice with respect to masking of CD22 by cis ligands and redistribution of CD22 to sites of lymphocyte contact by trans ligands. Although this similarity does not preclude participation of CD45 as a ligand in WT cells, other glycoprotein ligands are sufficient to mediate these functions.
The observation that CD22 on resting B cells can redistribute to sites of cell contact has important implications for its function as a regulator of B cell signaling and possibly its function as a cell adhesion receptor. It is generally accepted that CD22 must be in close proximity to the IgM receptor complex to effect negative regulation of signaling by recruitment of the SH2 domaincontaining phosphatase 1 (SHP-1) (5, 52) . In a recent report, Lanoue et al. (34) compared activation of murine B cells by antigens expressed on a cancer cell line with activation by the same cell line transfected with the cDNA for the ST6GalI sialyltransferase to generate trans ligands of CD22. ST6GalI expression in the antigen-presenting cells inhibited activation of WT B cells but had no effect on activation of B cells isolated from CD22-null mice. These results suggested that expression of ST6GalI in the antigen-presenting cells caused inhibition of B cell activation by generating trans ligands of CD22. In view of the fact that cis ligands mask CD22 on the resting B cell, it was suggested that CD22 might redistribute to the site of B cell receptor contact by unmasking following stimulation as proposed by Razi et al. (13, 34) . However, as demonstrated in this report, unmasking would not be necessary for trans ligands to cause redistribution of CD22 to the site of contact with the cancer cell. Moreover, this would result in colocalization of CD22 with the B cell receptor at the site of antigen presentation before activation, enhancing its ability to dampen signal transduction.
These principles could also play a role in preventing B cell activation in other physiologically relevant circumstances. For example, during B cell presentation of antigens through MHC to T cells, recruitment of CD22 to the site of cell contact (see Fig.  2 ) could help prevent inadvertent B cell activation (e.g., through CD40͞CD40L ligation). This may be of critical importance as T cells sample B cell MHC before finding its cognate antigen. Similarly, CD22 may contribute to suppressing inadvertent activation of B cells to self antigens expressed on cells bearing CD22 ligands (53) .
CD22 binding in trans is likely to have critical functions other than affecting B cell signaling directly. Potential CD22 ligands exist on bone marrow sinusoidal epithelial cells and may be critical for B cell homing (33) . Additionally, T cell status may be affected, as CD22 constant region fragment chimeras have been shown to attenuate T cell receptor-mediated signaling in vitro (31) . Furthermore, potential CD22 ligands (i.e., Sia␣2-6LacNAc) are expressed in other critical immune regulators, such as splenic dendritic cells. Thus, further investigation into the affect CD22 interacting with its trans ligands, which we have shown here can occur despite CD22 appearing masked, is critical for understanding the role of CD22 in regulating immune status.
Finally, given that most members of the siglec family have been demonstrated to be subject to masking by cis ligands, we suggest that the same principles observed here for CD22 are likely to be relevant to the interactions of other siglecs with ligands presented in trans on opposing cells. Specifically, that interactions with biologically relevant trans glycoprotein ligands may effectively recruit the siglec to sites of cell contact despite the presence of cis ligands that functionally mask its binding to sialoside probes.
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